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A variable  inductance  acceleration  transducer 


by 

H.K.P.  Neubert,  Dr.-Ing. 


H.A.E.  Ref:  Inatn:  006/10 


SUMMARY 


The  note  describes  a general  purpose  variable  inductance  accelera- 
tion transducer  for  ranges  of  + 3g  and  + 9g.  It  may  be  adapted  with 
minor  modifications  for  ranges  up  to  about  + lOOg.  It  has  been  designed 
for  use  with  the  carrier  bridge  amplifiers  Types  IT. 1-5-51  and  IT. 1-6-51 
operating  at  a carrier  freouency  of  2,000  c/sec.  The  cut-off  frequencies 
of  the  transducer  are  70  c/soc  for  the  ♦ 3g  and  100  c/sec  for  the  + 9g 
range.  Deviation  from  linearity  of  calibration  is  less  than  3#  of  full 
scale  and  the  effect  of  transverse  acceleration  is  approximately  1.5 # 
for  full  range  acceleration  applied  in  a transverse  direction.  The  sere 
shift  at  elevated  temperatures  is  about  + 0. 0 i*#  per  °C  and  the  change  in 
sensitivity  about  - 0.1#  per  °C.  At  an  initial  inductance  level  of  70 
mH  in  each  coil  the  average  full  scale  variation  in  inductance  is  + 15^» 

Design  parameters  for  the  bridge  resistance  values  are  derived  and 
plotted  for  two  independent  conditions:-  (a)  freedom  from  resistive 
noise  and  (b)  useful  power  output  from  the  bridge.  The  effect 

of  cable  capacitance  and  of  mutual  coupling  between  the  transducer  coils 
are  also  discussed. 
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1 latEg&sflgs 

The  acceleration  transducer  Type  IT.1-22F-31  haa  been  designed  as  a 
general  purpose  transducer  for  the  measurement  of  vibration  and  the 
resonanoe  testing  of  aircraft  on  the  ground  and  in  flight.  The  two  ranges 
of  + 3g  and  t 9g,  with  cut-off  frequencies  at  70  c/seo  and  100  w aeo 
reapeotivoly7  will  oover  the  most  oonaon  magnitudes  of  vibration  amplitudes 
and  frequencies  in  these  applications.  It  is  designed  for  use  with  a 
carrier  bridge  amplifier  and  galvanometer  recorder,  providing  a frequency 
range  of  zero  to  about  100  o/seo.  The  transducer  oontains  two  push-pull 
variable  inductances  whioh  are  connected  to  form  two  adjacent  arms  in  the 
bridge  oircuit  of  the  amplifier.  Tho  oarrier  bridge  amplifier  Type  IT.  1-5 
and  IT. 1-6-51  contain  two  eleotrioal  integrating  stages,  so  that  when  used 
with  these  amplifiers  tho  transducer  may  be  used  for  the  measurement  of 
vibration  amplitudes. 

2 Description 

The  construction  of  the  transducer  is  shown  in  Fig  1.  Pig  2a  shows 
a photograph  of  the  oomplete  instrument  and  Fig  2b  an  exploded  transducer. 
It  consists  essentially  of  an  armature  sub-assembly  situated  and 
appropriately  spaced  between  two  identical  ooil  sub-assemblies.  The 
armature  and  ooil  sub-assemblies  are  housed  in  a rigid  body.  Tbs  armature 
sub-assembly  oonalata  of  a bar- shaped  ferro -magnetic  armature  suspended  by 
two  leaf  springs  whioh  are  soldered  to  the  armature  and  a supporting  ring. 
A ooil  sub-assembly  comprises  an  S- shaped  ferro -magnetic  oore  with  a ooil 
of  1,200  turns  of  Lewmex  wire  of  46  S.V.G.  The  ferro-magnetio  material 
is  either  fezro-niokel  laminations  or  Ferroxcube  III.  Core  and  ooil  are  . 
moulded  into  a dural  oup  with  a polyester  resin  (Marco  Resin),  whioh 
polymerises  at  room  temperature.  The  free  surfaces  of  the  legs  of  the 
oore  are  flush  with  the  top  of  the  oup  and  the  resin.  The  initial  air 
gap  between  armature  and  E-oore  on  both  aides  of  the  armature-  may  then  be 
adjusted  to  the  required  value  by  moans  of  oopper  shims  of.  appropriate 
thickness. 

If  acceleration  is  applied  in  the  working  direction  of  the 
transducer,  i.e.  in  the  direction  of  the  long  axis  of  the  transducer 
housing,  the  armature  will  defleot,  thus  changing  the  airgaps 
in  the  magnetic  oirouits  of  the  coils  in  a push-pull  manner,  and 
a push-pull  variation  of  inductance  in  the  two  coils  will  result.  The 
terminals  of  the  two  ooils  arc  connected  to  a three  cored  cable  whioh  is 
oleated  to  the  housing. 

The  transducer  housing  is  filled  with  damping  oil  of  the  appropriate 
viscosity  and  sealed  with  rubber  washers  and  a ring  nut.  At  one  end  of 
the  housing  an  oil  expansion  chamber  is  provided  to  avoid  oil  leakages  at 
elevated  ambient  temperatures. 

The  overall  aise  of  the  transducer  is  1.9  * 1*42  x 1.1 3 inches;  its 
weight  (without  cable)  is  3 ounoes.  The  detachable  base  has  two  fixing 
holes  for  4 BA  screws  separated  by  1.1 6 inches. 


3 M&ojaBteaj.,  gteaeifidgligj 
3.1  ma  iteuEtti 

The  standard  ranges  being  manufactured  at  present  are  +,  38  and'  + 98- 
Other  ranges  may  be  made  by  using  springs  of  a different  thickness  or 
material.  It  Is  expected  that  In  tills  way  range*  from  + 3g  to  about 
+ lOOg  may  be  obtained. 

Within  its  range  the  calibration  curve  is  linear  within  3 % of  full 
acale.  Pig  3 shows  a typioal  calibration  curve  for  a transducer  of  range 
+ 9g.  The  scatter  In  tbe  slopes  of  the  calibration  curves  (i.e.  in 
sensitivity)  of  a batoh  of  transducers  is  not  greater  than  lOp. 
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If  the  acceleration  transducer  ia  used  to  measure  displacement 
(vibration  amplitude)  care  has  to  be  taken  not  to  exoeod  the  range  of  the 
transduoer,  as  outside  the  range  the  non-linearity  rapidly  increases.  Care 
has  also  to  be  taken  to  ensure  that  a reasonable  fraction  of  the  range  is 
being  used,  as,  in  ooomon  with  all  other  instruments,  the  transduoer  oannot 
be  espeoted  to  give  the  same  absolute  accuracy  for  a on  all  fraction  of  its 
range  as  for  its  full  range.  Taking  the  usable  range  of  the  transduoer 
as  from  0.1. times  full  range  to  full  range,  the  upper  and  lower  limits 
of  amplitude  at  various  frequencies  are  as  given  in  Fig  4«  For  example, 
at  10  a/meo  the  + 3g  transduoer  may  be  used  in  the  amplitude  range  0.03  to 
0.3  inches,  and  The  + 9g  transduoer  in  the  amplitude  range  0.1  to  1 inch. 

3.2  Frequency  response 

With  a filling  of  silicone  damping  oil  of  viscosity  20  oentistokes 
the  damping  ratio  of  the  + 9g  acceleration  transducer  is  approximately  60 JS 
of  critical  damping  at  roam  temperature.  Fig  5 shows  typical  frequency 
response  curves  of  transducers  for  +.  9g  and  * 3g  ranges  with  damping 
adjusted  to  this  value.  However  it  “should  be  bom  in  mind  that,  although 
the  visobsity  of  silicone  oil  is  relatively  independent  of  temperature,  in 
extreme  oases  the  variation  of  viscosity  with  temperature  may  be  appreciable. 
Fig  6 shows  the  damping  ratios  of  the  transducer,  computed  from  the  viscosity 
-temperature  characteristics  of  the  oil,  the  nominal  deeping  ratio  of  0. 6 
being  adjusted  at  + 25CC.  Near  room  temperature  the  variation  ia  approxi- 
mately - 2.2 % of  the  nominal  damping  ratio  per  °C. 

3.3  TgaMYgra  MMltlYitar 

If  acceleration  ia  applied  in  a direction  perpendicular  to  the  working 
axis  of  the  transduoer,  an  error  signal  will  result.  To  investigate  the 
magnitude  of  this  effect  three  transducers  of  ♦ 9g  range  have  been 
subjected  to  transverse  accelerations  of  plus  and  minus  9g  to  produce 
compression  or  tension  and  edgewise  shear  in  their  armature  springs.  The 
results  (in  terms  of  percentage  of  full  scale)  are  given  in  Table  I. 

TabAo.I 


lagcjlnali  Lia  gate abas  at  full  laateLXat 

+ 9g  applied  in  transverse  direction 


No.  of  transducers 

145 

177 

20 9 

Compression  or  tension 
in  springs 

D 

i.j 

Edgewise  shear  in 
springs  . 

1,5 

1.5 

1.4 

These  figures  (giving  an' average  transverse  sensitivity  of  approximately 
0.1556  p«r  one  transverse  g applied)  will  produoenoappreoiable  error  in 
the  majority  of  applications.  Very  similar  values  have  been  measured  for 
a transducer  of  + 3g  range,  if  ♦ 3g  acceleration  is  applied  in  a transverse 
direction. 

Tcmaystura  sensitivity 

k change  in  the  temperature  of  a transducer  may  result  in  two  effects: 

(a)  Variation  of  sero  setting  under  the  no-load  condition. 

(sero-lift) 

(b)  Variation  of  slope  of  .the  calibration  curve  (variation  in 

sensitivity) 
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m ***» 


Both  effeote  may  be  investigated  under  ateady  thermal  oonditiona 
when  there  Is  temperature  equilibrium  in  all  parts  of  the  transducer*  or 
under  conditions  of  a temperature  impact  when  there  is  a temperature 
gradient  in  the  transduoer.  The  behaviour  of  this  transducer  in  the 
latter  condition  has  not  been  investigated  thoroughly,  as  it  is  assumed 
that  in  the  majority  of  oases  the  transducer  will  be  used  under  oonditiona 
of  temperature  equilibrium.  As  long  as  equilibrium  is  not  reached,  a 
temperature  gradient  will  oxiat  inside  the  transducer,  the  distribution 
and  magnitude  of  which  will  depend  on  time,  heat  capacity  of  the 
surroundings  (especially  of  the  structure  the  transduoer  is  fixed  to), 
and  on  the  magnitude  of  the  teiqperaturc  Impact.  Results,  therefore,  will 
be  of  a very  limited  value. 


(a)  Zero  shift 


Table  II  gives  the  zero  shift  error  in  peroentage  of  full  scale 
per  % at  temperature  equilibrium,  calculated  from  an  experimental 
temperature  rise  of  about  30°C. 


Table  II  also  gives  the  variation  in  sensitivity  in  peroentage  of 
full  scale  per  % at  equilibrium  temperature  calculated  from  an 
experimental  temperature  rise  of  about  30%. 


Table  II 


erature  error 


nrr-:-) 


No.  of  transducers 

145 

177 

209 

Zero  shift  error  in 
% full  aoale  per  % 

+0.04 

+0.05 

♦ 0.03 

Variation  in 
i sensitivity;  Error 
in  ft  full  scale 
per  % 

-0e085 

-0.21 

•0.085 

The  transducer  when  in  use  forme  two  adjacent  aims  of  an  A.C.  bridge 
circuit  energised  by  an  alternating  voltage  of  10  volts  R.M.3.  at  2,000 
c/seo.  The  other  two  axma  of  the  bridge  are  two  resistances  R (1,000 
ohms  each  in  the  amplifiers  referred  to).  The  bridge  out-of -balance 
voltage  ia  applied  through  a transformer  of  primary  resistance  »r  (2,000 
ohms  in  the  same  amplifier)  to  a band-pass  amplifier,  phase  sensitive 
detector,  and  suitable  galvanometer  reoorder.  At  present  the  transduoer 
is  mainly  used  with  amplifier  Type  IT.  1-5-51  and  power  unit  type  H.1-6-51, 
but  any  other  equipment  may  be  used  if  the  electrioal  characteristics  of 
the  transduoer  are  suitable. 


- I'l'l'.'W  1 ! J±- 


The  motor  diagram  of  the  impedance  of  one  typical  transduoer  ooil 
at  various  frequencies  is  shown  in  Fig  7 a.  The  aeries  inductance  L and 
series  loaa  resistance  Rg  with  a three-oorad  oable  of  2'  6*  length 
attached  to  the  transduoer  have  been  measured  under  mechanical  no-load 
oonditiona.  In  the  course  of  development  of  the  transducer  the  magnetic 
material  of  the  oore  and  armature  was  changed  from  Radio  metal,  in 
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lamination*  of  0.004  inch  thiclcneaa,  to  Perroxcubo  III;  due  to  the 
relatively  large  airgop  no  appreciable  change  in  inductance  resulted.  In 
Fig  7 a impedance  value a for  Radio  metal  oorea  and  armature  are  plotted 
for  comparison. 

Also,  at  a carrier  frequency  of  2,000  o/aeo  the  airgap  of  the 
magnetic  oirouit  of  the  ooil  was  varied  by  + 0.1  an  and  + 0.2  am.  The 
oorreaponding  impedances  are  plotted  in  Fig  7b.  It  is  seen  that  they 
lie  on  a straight  line  almost  parallel  to  the  impedance  characteristic 
of  Fig  7a,  but  the  non-linear  behaviour  of  the  impedance  variations 
for  these  large  deflections  is  obvious. 

The  storage  f&otor  Q * ul/Rg  of  the  coil  is  represented  by  thB 
tangent  of  the  angle  9 between  the  real  axis  and  a veotor  to  any  point 
on  the  curve. 

Fig  8 gives  the  variation  of  inductance  L and  storage  factor  Q 
at  2,000  o/ sec  of  a transducer  ooil  for  a variable  airgap  t between 
core  and  armature.  For  a full  scale  working  deflection  of  the  armature 
of  about  + 0.07  mm  or  + 0.003  inoh,  the  average  percentage  ohange  in 
inductance  is  about  + T5 ft  of  an  initial  inductance  of  70  mil  at  an  initial 
airgap  of  0.24  mm  or” almost  0.01  inoh.  The  storage  factor  Q varies 
between  about  4.3  and  6. 

4.2  Current  sensitivity 

It  has  been  shewn1  that  the  output  current  Iq  of  an  A.C.  bridge 
oirouit  containing  a variable  inductance  push-pull  transducer  after  phase 
sensitive  rectification  which  rejects  the  quadrature  component,  is 


where 

V*  * bridge  energising  voltage  in  volts 

Ry  » load  resistance  of  bridge  (2,000  ohss) 

¥1  ■ *3  (S3  ♦ » ♦ 2 Ry)  - 

W2  » u L (2  Rg  + R ♦ 2 Ry) 

R « resistance  at  ratio  aim  (1,000  ohms) 

L a series  inductance  of  ooil  in  Henry* 

Rg  ■ series  loss  resistance  of  ooil  in  ohms 

AL  s variation  of  inductance  due  to  acceleration 

ARg  ■ variation  of  loss  resistance  due  to  acceleration 

v * 2x  x carrier  frequency  (2*  2,000  *eo-1) 

k « constant,  depending  on  amplification  with  dimensions 
of  a conductance. 

The  parameters  of  the  transducer,  dependent  on  the  applied 
acceleration,  are  ARg  and  AL.  For  oons tent  amplification  and  input 
voltage  the  overall  current  sensitivity  of  the  bridge  to  a ohange  in 
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induotanoe  is  governed  by  (Bj  Wg  u)/(wf  + w|)  and  the  relative  contribu- 
tion of  a change  in  loee  resistance  by  Vj/(V,  «).  These  two  factors  are 
plotted  in  Fig  9a  and  9b,  relative  to  their  values  at  2,000  o/seo.  The 
first  faotor  shows  a flat  maximal  at  about  2,300  o/seo,  and  at  this 
frequency  the  seoond  faotor  is  aero,  l.e.  the  loss  resistance  (or  any 
other  variable  resistance  in  the  transducer  oirouit)  does  not  contribute 
to  the  sensitivity.  It  can  be  shewn,  that  these  two  conditions  exist 
when  W1  ■ 0. 

The  characteristics  of  the  transducer  and  bridge  oirouit  are  thus 
such  that  the  combination  is  operated  very  near  the  condition  of  maximum 
current  sensitivity,  and  the  contribution  of  loss  resistance  is  very 
nearly  aero.  This  later  property  is  desirable  as  ARg  is  likely  to  have 
a relatively  high  resistive  noise  level. 

The  curve  already  considered  in  Fig  9a  and  9b  are  derived  for  a 
constant  input  voltage  to  the  bridge.  As  the  impedance  of  the  transducer 
coil  increases  with  frequency  the  bridge  energising  voltage  may  be 
increased  proportionally,  maintaining  a fixed  value  of  current  in  the 
transducer  coils,  provided  that  the  higher  current  in  the  ratio  arms  of 
the  bridge  can  be  tolerated.  In  this  case  the  output  current  for  change 
in  inductance  is  proportional  to  (Rj  *2  w^)/(w|  + W |).  This  factor  is 

plotted  against  frequency  in  Fig  9a  as  a dotted  curve.  It  shews  a 
continuous  increase  with  frequency  as  expected. 

4.3  Pgref  feitfltiyity. 

Fran  equation  (l)  the  power  output  from  the  demodulator  is 


P0  « V: 


The  power  output  due  to  change  in  induotanoe  only,  i.e.  when  W-|  is 
made  zero,  is 


r. 


V? 


(2  Hg  + ?♦  2 Rpji  ’{*t)  * 


When  Vi  and  Al/L  are  considered  fixed,  the  maximum  power  output 
occurs  when 


% - Hg  ♦ 2/2  . 


Combining  this  result  with  the  results  of  the  preceding  section,  we 
have  two  conditions  for  the  optimum  deeign  of  the  transducer  mad  ite 
associated  bridge  circuit. 
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(a)  for  freedom  from  reeietive  noiae 

u2  L2  ■ Rg  (Rg  + R ♦ 2 %) 

(b)  for  maximum  useful  power  output 

Rg  - Rj  - R/2 


The  usual  approach  is  to  design  the  transducer  on  the  basis  of 
other  necessary  conditions,  as  size  etc.  and  then  seleot  the  bridge 
parameters  to  satisfy  the  present  conditions.  From  these  the  bridge 
parameters  R and  Rij  are  given  by 

R « i u LQ  (1  - 3/Q2) 

Rj  - i * LQ  (1  ♦ 1/Q2) 

when  Q = ul/Rg 

The  ratio  d«Pend»  only  on  Q and  is  given  by 

R/Bj.  . 

Q2  + 1 


In  Fig  10  the  values  of  Rp/bL  and  in  Fig  11  those  of  B/B[  are 
plotted  against  Q . For  large  values  of  Q we  have  B/Bf  o 2 . for 
values  of  Q < no  value  of  B/&[  exists. 

4.4  Bffeot  of  mutual  coupling  between  transducer  colls 

This  general  problem  has  been  considered  elsewhere1 . Applying 
these  results  to  the  present  case,  it  may  be  shown  that  the  mutual 
coupling  between  the  two  transducer  coils  is  small  and  has  only  about  a 2}S 
effect  on  the  sensitivity. 

*►•5 

It  can  be  shown1  that  the  fractional  ohange  of  inductance  with  a 
capacitance  C in  parallel  with  the  transducer  coil  is 


I-..., 

L'  1 - «2LC 


& 

L 


i.e.  below  the  eleotrioal  resonance  conditions,  whioh  is  usually  the  case 
in  practioe,  the  sensitivity  of  an  inductance  transducer  increases  with 
the  oapacitanoe  connected  in  parallel  with  its  ooil. 

For  a typical  transducer  ooil  with  a oeble  100  yards  long  connected 
to  it  we  have 
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L = 64  aH  at  2,000  o/seo 

C - 0.005  U? 

u = 2 * 2,000  see"1 

and  1.05^1 

L L 

i.e.  an  inoreaae  in  sensitivity  of  5&  This  has  been  verified  experimentally 
in  the  present  case. 
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